ABSTRACT
The number of biological systems that are known to be affected by the steroid estrogen is increasing persistently. Apart from its classical function as a sex steroid (1, 2) , estrogen modulates transmembrane receptor function (3, 4) , affects intracellular signal transduction cascades (5) (6) (7) (8) , and shows a variety of other actions (9, 10) . Recently, special interest has been attracted to estrogen's properties as a neurotrophic and neuroprotective effector (11, 12) .
There are two lines of argument that assign to estrogen a special function in relation to neurological and neurodegenerative disorders. First, a number of epidemiological and clinical data exist on the beneficial effects of estrogens, for instance, in Alzheimer's disease (13, 14) , in Parkinson's disease (15) , or on mental performance in general (16, 17) . Second, estrogen has been shown to have beneficial effects in cellular and molecular systems relevant to neurodegenerative disorders (4, 12, (18) (19) (20) (21) (22) (23) (24) .
Apart from the steroidal estrogens, it has been long known (25, 26) that a large variety of exogenous compounds, the xenoestrogens and the phytoestrogens, mimic the actions of endogenous estrogen to different extents. Xenoestrogens (27) comprise plastic-material monomers [e.g., bisphenol A (28)], certain polymer plasticizers (29) , and detergent-related chemicals (30, 31) as well as special pharmacological molecules such as diethylstilbestrol (32, 33) . Major phytoestrogens (34, 35) are the flavonoids, such as quercetin and catechin, and the stilbenes, such as resveratrol.
Besides steroidal estrogen, a number of these environmental estrogens also have been shown to exhibit antioxidative properties (36, 37) or have been suggested to exert beneficial pharmacological effects on neurological disorders on the basis of in vitro observations (38, 39) .
The idea of a novel, nonhormonal neuroprotective function of estrogen had arisen because (i) different steroidal estrogens showed comparable neuroprotection (18) ; (ii) the protective effect could be observed in cells in which 17␤-estradiol did not activate estrogen-responsive element (ERE)-directed transcription (40) ; and (iii) the antiestrogen tamoxifen apparently did not interfere with the neuroprotective effect (41) .
To delineate the mechanisms of action of estrogen in experimental systems of oxidative neuronal cell death, we have investigated the neuroprotective effects exhibited by a variety of estrogens from different sources. To this purpose, we have employed mouse hippocampal HT22 cells and human SK-N-MC neuroblastoma cells, two well established systems for the study of oxidative neuronal cell death (18, 22, 42, 43) . In addition, we have used two experimental paradigms quantifying estrogenicity in a classical sense [estrogen receptor (ER)-binding activity and induction of ERE-directed gene transcription] and two experimental systems measuring antioxidative activity relevant to the nervous system [brain lipid peroxidation and low density lipoprotein (LDL) oxidation].
MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma unless otherwise indicated. Phenolic compounds to be tested were ordered in the highest grade available and were assayed for purity by analytical TLC. Compounds presumed to be subject to oxidation by air were checked for contaminating quinones by UV͞visible spectroscopy. Where appropriate, compounds were recrystallized from ethanol͞water in degassed solvents. Stock solutions of the phenolic chemicals were prepared in ethanol and stored at Ϫ20°C. 17␤- [2, 3, 6, H]Estradiol (radiochemical purity, 97.6%; 3.1 TBq͞mmol) was from Amersham. Luciferin was from Boehringer Mannheim. ICI 182780 was purchased from Tocris Neuramin (Bristol, U.K.).
Cell Culture. Media, sera, and supplements were from GIBCO. Glutamate-sensitive murine hippocampal neurons (HT22) were a kind gift from P. Maher (The Scripps Research Institute, La Jolla, CA). Human neuroblastoma cells (SK-N-MC) and human breast carcinoma cells (MCF7) were from the American Type Culture Collection (Manassas, VA). All cell lines were grown in DMEM supplemented with 10% FCS under standard cell culture conditions. Cell Viability Assays. Cellular viability was quantified with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide tests measuring metabolic activity as described (44, 45) . The colorimetric tests generally were accompanied by microscopic
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Abbreviations: ER, estrogen receptor; ERE, estrogen-responsive element; LDL, low density lipoprotein. † To whom reprint requests should be addressed at: Neurodegeneration Group, Max Planck Institute of Psychiatry, Kraepelinstrasse 2-10, 80804 Munich, Germany. E-mail: chris@mpipsykl.mpg.de. examination and ionic dye exclusion assays using trypan blue and propidium iodide as indicators of intact cellular membrane structure (18) . No significant discrepancies between the different methods to determine cell viability could be observed. The phenolic compounds were nontoxic to the cells at the concentrations used.
ER-Controlled Transcriptional Activation. ER-controlled gene transcription was measured by transient transfection of MCF7 cells with a luciferase reporter plasmid (MTV-ERE-LUC; courtesy of P. Chambon, College de France, Strasbourg), bearing an ERE, essentially as described (40) . The cells were transfected by using 50-kDa polyethylenimine (46) . Results were corrected for background luminescence and compared with noninduced control cell expression.
ER Binding. Rat uterus cytosol was prepared from cyclematched (day 4) female Sprague-Dawley rats. The uteri were washed with PBS at 4°C and were thoroughly dissected. After centrifugation (4 min at 200 ϫ g) the tissue fragments were suspended in 20 vol of hypotonic TEDG buffer (10 mM Tris, pH 7.5͞1 mM EDTA͞1 mM DTT͞10% glycerol) containing 1 mM PMSF, 20 g͞ml leupeptin, and 20 g͞ml trypsin inhibitor. The tissue fragments were homogenized repeatedly with a Kontes glass homogenizer during 2 h of incubation at 4°C. The homogenate was centrifuged twice (4 min at 1,000 ϫ g, 2 h at 100,000 ϫ g), and the supernatant was stored at Ϫ80°C. Western blotting analysis indicated that the uterus preparation was rich in both splice variants of ER␣ but apparently lacked ER␤, in accordance with observations in mice (47) .
The binding assays were performed by coincubation of 200 g of protein-containing rat uterus extract with 10 nM 17␤-[2,3,6,7-3 H]estradiol and the respective nonlabeled competitors (final ethanol concentration, 1%) in 100 l of incubation buffer (10 mM Tris, pH 7.5͞2 mM EDTA͞1 mM MgCl 2 ͞10 mM KCl͞1 mM DTT͞10 mM Na 2 MoO 4 ͞5% glycerol supplemented with 1 mM PMSF, 20 g͞ml leupeptin, and 20 g͞ml trypsin inhibitor) for 20 h at 4°C. Bound activity was separated from the free radioligand by chromatography on 2.5-ml columns of Sephadex LH 20 (Pharmacia) suspended in incubation buffer. Protein-bound activity was collected to an elution volume of 1.1 ml. Results were calculated after correction for nonspecific binding. Rat Brain Membrane Oxidation. Dissected cerebral cortex of adult Sprague-Dawley rats was homogenized in 3 vol of degassed nonreducing lipid buffer (20 mM Tris, pH 7.4͞1 mM MgCl 2 ͞5 mM KCl) with a Kontes glass homogenizer (all steps were performed at 4°C with degassed liquids). After centrifugation (3,000 ϫ g, 5 min) the pellet was solubilized in lipid buffer supplemented with 0.5 M NaCl by sonication, incubated for 10 min, and centrifuged again (100,000 ϫ g, 20 min). This step was repeated and followed by three analogous washings (without incubation) using water instead of lipid buffer. The pellet was resuspended in water at a concentration of 5 mg͞ml protein and frozen at Ϫ80°C.
Low-level chemiluminescence occurring during the course of lipid peroxidation was measured as described (48) . The rat brain membrane preparation was diluted with PBS to a concentration of 0.6 mg͞ml protein and sonicated. Phenolic compounds (final ethanol concentration, 0.4%) were added to the 1-ml aliquots, starting the oxidative chain reaction by the addition of 50 M ascorbate and transfer to 37°C. Six hours later, single photon counting was done for 1 min (Beckman scintillation counter) after decay of static electricity. Data were corrected for the baseline photocurrent and normalized to control values. LDL Oxidation. Fresh human blood plasma LDL was purchased from Sigma. The quality of the lots was tested by measuring their endogenous resistance to oxidation; only lots resistant for at least 20 min at 37°C were used (see below). The copper-catalyzed oxidation of LDL was measured essentially as described (49); the 4°C preparations of LDL were matched to a concentration of 100 g͞ml protein in PBS with 0.5 mM MgCl 2 . Oxidation was initiated by the addition of 10 M CuSO 4 at 37°C. As indicators of LDL peroxidation, conjugated dienes were measured at 234 nm. Phenolic compounds were added as 100-fold ethanolic solutions, and the increase in absorption after 1 h was plotted vs. concentration. Noninterference of the phenolic compounds with the photometric assay was ensured by quantification ( max and A max ) of the aromatic longest-wavelength absorption band ( 3 *) during the peroxidation process; no change was observed.
Statistics. Student's t tests were performed to quantify statistical significance.
RESULTS
Various Phenolic Compounds Exhibit Similar Neuroprotective Properties. Fig. 1 shows the structures of the phenolic compounds used in this study. All the compounds are effective protectants against oxidative glutamate toxicity in mouse neuronal HT22 cells when employed at a concentration of 20 M (Fig. 2a) . But none of the phenolic compounds, including 17␤-estradiol (f ), is effective at a concentration of 1 M. The dose-response curves of the neuroprotective effect appear highly cooperative in the HT22 cellular system as exemplified for selected compounds in Fig. 3c . The compounds' protective effect on the survival of human neuronal SK-N-MC cells exposed to toxic doses of hydrogen peroxide (H 2 O 2 ), a mediator of various neurotoxins (50) , is completely analogous (not shown).
Neuroprotective Phenolic Compounds Differ in Their Induction of ER-Dependent Gene Transcription. Fig. 3a displays the amount of ERE-directed gene transcription as a function of concentration. 17␤-Estradiol is, by far, the most potent effector, followed by 4-dodecylphenol and 4,4Ј-biphenol, which are at least five orders of magnitude less effective. 2,4,6-Trimethylphenol exhibits no inducing effect on ERE-directed transcription. Fig. 3b shows the results of ER-binding assays performed with a rat uterus cytosol preparation employing 10 nM 17␤-[2,3,6,7-3 H]estradiol as specific radioligand. Nonlabeled 17␤-estradiol competes for the radioligand in an approximate concentration ratio of 1:1 as expected. 4-Dodecylphenol and 4,4Ј-biphenol are more than three orders of magnitude less effective in competing with the radioligand for ER binding. 2,4,6-Trimethylphenol in 10 5 -fold excess is able to substitute for only about 30% of the labeled 17␤-estradiol and, therefore, is the least potent competitor.
The Neuroprotective Activity of Phenolic Compounds Against Oxidative Stress Corresponds to Their Direct Antioxidant Activity. The concentration-dependent neuroprotective activities of the selected phenolic compounds against glutamate-induced oxidative HT22 cell death are shown in Fig.  3c , and the protective effects against H 2 O 2 toxicity in SK-N-MC cells are presented in Fig. 3d . All compounds exhibit similar protective properties against oxidative glutamate toxicity as well as H 2 O 2 toxicity, with half-maximal effective concentrations ranging from 3 to 18 M.
Apart from the different maximum viabilities, there is no significant difference between the results of the two experimental cellular systems. None of the compounds shows any significant protective effect at a concentration of 500 nM or less in either system. A kinetic analysis of the protective effect reveals that the phenolic compounds act immediately and have a protective effect even when added concomitantly with the oxidative stressors (not shown). Fig. 3e shows the peroxidation of cell-free rat brain membranes induced by low concentrations of ascorbate. In this system, measuring low-level chemiluminescence as an indicator of actual peroxidation processes (48) , all of the four compounds exhibit a very similar antioxidant activity with nearly identical half-maximal effective concentrations of about 3 M.
Another biologically relevant system to measure antioxidant activity is LDL oxidation (49) . Again, concentrations of the four compounds of 500 nM or less are ineffective in preventing the oxidative modification of LDL (Fig. 3f ) . The half-maximal effective concentration for the best antioxidant in this experimental paradigm, 2,4,6-trimethylphenol, is 1.5 M. 4,4Ј-Biphenol and 17␤-estradiol are slightly less effective, and 4-dodecylphenol is the least effective LDL antioxidant.
The Antiestrogen ICI 182780 Does Not Decrease the Antioxidant Neuroprotective Effect of Phenolic Compounds. Fig.  3g shows the neuroprotective effect of the compounds on HT22 cells when added concomitantly with 1 M ICI 182780. There is no difference from the results without antiestrogen (Fig. 3c) . ICI 182780, an exclusive antiestrogen (51) that is not protective for HT22 cells by itself (not shown), nevertheless drastically decreases ER-driven gene transcription. In Fig. 3h , the MCF7 transcriptional induction assay is performed with 1 M ICI 182780 being added to the cells concomitantly with the phenolic compounds. Apart from 17␤-estradiol at concentrations of 100 nM or higher, there is no longer any induction of ER-controlled transcription by the phenolic compounds. 
DISCUSSION
A pathogenetic role of oxidative stress has been described for various nonneuronal and neuronal disorders (52) (53) (54) . Many approaches toward neuroprotection against neurodegenerative events currently are focusing on antioxidative defense systems and antioxidants. These efforts have been fueled further by a recent first success of a multicenter trial in moderately severe Alzheimer's disease patients, using vitamin E as an antioxidant (55) . Therefore, the aim of our study was to elucidate the antioxidant neuroprotective mechanism of estrogen and to identify the role of ER-mediated effects in neuroprotection.
Comparing the chemical structures of the molecules shown in Fig. 1 with their protective characteristics against oxidative glutamate toxicity in HT22 cells shown in Fig. 2a , it is remarkable that (i) all these molecules are protective against glutamate and (ii) they all behave very similarly with respect to the concentration needed to afford the protective effect. Neither the number of phenolic hydroxyl groups nor the nature of the aromatic moiety seems to play an important role. A neuroprotective antioxidant effect in HT22 cells thereby is shared by the sex hormone estrogen (f ), the neurotransmitter serotonin (o), the pineal gland hormone precursor Nacetylserotonin (p), the red wine phenol resveratrol (h), the Gingko biloba flavonoid quercetin (i), and also simple alkylphenols such as 4-dodecylphenol (a).
In stark contrast to the compounds' neuroprotective activity is their potential to activate ER-driven gene transcription as determined by employing human breast carcinoma MCF7 cells. The two profiles of the panel of phenolic compounds (Fig. 2 a and b) are clearly divergent, and there are different neuroprotective compounds that show no ER-controlled transcriptional activation at all. Whereas 17␤-estradiol shows a half-maximal rate of ER-dependent induction of transcription at a concentration of approximately 20 pM, any significant cytoprotective (Fig. 3 c and d) or biochemically antioxidant ( Fig. 3 e and f ) effects of 17␤-estradiol require concentrations that are more than five orders of magnitude higher. In contrast, the neuroprotective properties of estrogen and its effects in cell-free assays of antioxidant activity show almost identical dose-response curves.
The neuroprotective activities of 17␤-estradiol and the other phenolic compounds are not diminished by the concomitant administration of high doses of antiestrogens. With 1 M ICI 182780, 17␤-estradiol's half-maximal transcriptional effect is shifted more than four orders of magnitude toward higher concentrations, and all the other phenolic compounds do not retain any transcriptional effect at all (Fig. 3 h vs. a) . Nevertheless, their neuroprotective activities remain completely unaffected (Fig. 3 g vs. c) .
The exact nature of the experimental system used for determining the neuroprotective or antioxidant potential of the phenolic compounds including estrogen did not influence the EC 50 values found, e.g., disturbance of intracellular antioxidant metabolism in HT22 cells, exogenous reactive oxygen species overload in SK-N-MC neuroblastoma cells, on-line quantification of oxidation reactions in brain membranes, and monitoring of peroxidation end products in lipoproteins (Fig.  3 c-f, respectively) . Therefore, this stepwise transition from a biologically relevant system (HT22) (56) toward a biochemically clearly defined system (LDL) allows us to hypothesize that the similar EC 50 values of 17␤-estradiol indeed may result from a similar mechanism of action in all of these systems.
The structural requirements for antioxidative neuroprotection appear to be low compared with the prerequisites of an estrogenic effect. Especially, there is no necessity for neuroprotective molecules to have more than one cyclic structure of the original 17␤-estradiol molecule retained, which is in contrast to the proposition of Green et al. (41) . This can be exemplified by the pronounced neuroprotective effect of 4-dodecylphenol (a), with an EC 50 value of about 2 M in both assays of cellular neuroprotection, thereby exceeding 17␤-estradiol's protective potency.
Compounds that are to be considered candidates for neuroprotective antioxidants in vivo should be able to cross the blood-brain barrier (BBB) readily. Estrogen is actively sequestered by the brain (57) , and it can be estimated from their physicochemical properties that the lipophilic and small compounds 2,4,6-trimethylphenol (d), 6-hydroxyquinoline (m), and 5-hydroxyindole (n) are capable of passing through the BBB, at least to some extent (58) . For parenterally administered serotonin (o) and N-acetylserotonin (p), effects on the central nervous system are known (59, 60) , but they may require specific BBB transport.
Another critical feature concerning neuroprotective antioxidants is the compounds' potential toxicity, because their required concentrations may be high. The above compounds were tested up to 200 M and found to be nontoxic to cultivated cells, but there also are in vivo examples of phenolic antioxidants that were nontoxic to mice when given as 0.5% of the total diet (61) . Nevertheless, phenolic compounds in high doses may be hepatotoxic, but toxicity seems to arise from hydroxylation and conjugation reactions performed by cytochrome P450 enzymes, and these reactions can be minimized by an appropriate molecular design, e.g., substitution of the phenolic core (62) .
Flavonoids probably are not optimal structures for use as antioxidants because of their ability to participate in redox cycling and because of their pronounced estrogenic properties. Higher concentrations of flavonoids usually are required to observe antioxidant effects (36, 63) compared with estrogenic effects (27) . Furthermore, a wealth of other biochemical activities of flavonoids have been reported whose in vivo consequences cannot be adequately assessed (64) (65) (66) .
In any case, ER activation during the course of antioxidant neuroprotective treatment should be avoided because of a possible involvement of ER activation in neoplastic processes (67) . We conclude that although the female sex hormone 17␤-estradiol has a potent intrinsic antioxidant capacity, it has a uniquely high affinity to its cognate cellular hormone receptors that in vivo may prevail over its antioxidant effect. Here, we present examples of molecules that lack estrogenic hormonal effects but nevertheless are equally effective neuroprotective antioxidants compared with 17␤-estradiol. These 
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